Objectives. To investigate the effect of basic fibroblast growth factor (FGF-2) on root resorption following delayed autotransplantation in dog.
Introduction
Autogenous tooth transplantation can be an alternative treatment modality, especially in situations where dental implants and other prosthetic replacements are contraindicated. [1] [2] [3] [4] When treated with adequate indications, autotransplantation offers a fast and economically viable option for replacing missing teeth 2, [5] [6] [7] Root resorption, the most common complication accompanying autotransplantation, leads to poor esthetics, the tilting of adjacent teeth, loss of function, and permanent tooth loss. [8] [9] [10] Occurrence of replacement resorption is influenced by factors such as the extra-alveolar period 11 , preservative solution 12 , pulpal revascularization 13 , and microbial contamination.
14 Treatment, often complex, time-consuming, and expensive, requires a multidisciplinary approach including endodontic, periodontal, surgical, and orthodontic treatment, as well as esthetic coronal restoration. 15 Root resorption may be transitory or progressive. Replacement resorption is followed by ankylosis, and the root surface is gradually replaced with bone. 16 The probability of successful autotransplantation increases when an avulsed tooth is 6 immediately transplanted or stored in a solution that preserves periodontal ligament (PDL) on the root. 11, 14, 17, 18 PDL cells are easily injured under stressful conditions such as variable pH, osmotic pressure or dehydration, and favorable healing of the PDL depends on the quantity of viable cells preserved on the root. 1 Andreasen 11 showed that only 21% of normal periodontium was hisopathologically observed when extracted tooth was left in a dry condition for 60 min. prior to tooth replantation in monkeys.
Autotransplantation studies using non-human primate incisors revealed that the PDL is regenerated as long as it maintains cellular activity adjacent to the cementum. 19 Therefore a great deal of attention has been paid to the biological storage and maintenance of PDL cells in these teeth.
Cytokine therapy with growth factors has been suggested as a therapeutic modality for tissue regeneration due to their capacity to induce a cascade of well-regulated cellular events involving wound healing. [20] [21] [22] 28 However, the influence of FGF-2 on the periodontal tissue of transplanted teeth, remains to be elucidated. Given the reported effects of FGF-2 on periodontal tissue, we hypothesized that healing without root resorption or osseous repair might be achieved in autotransplantation of tooth with compromised periodontal ligament, through its effects on angiogenic formation and fibroblastic proliferation.
The objective of this study was to histopathologically investigate the effect of FGF-2 on root resorption following delayed autotransplantation of tooth in dog.
8 solutions, and later dried with sterile paper points. Then the root canals were filled with gutta-percha and hydorxyapatite -based root canal sealer (Finapec APC, Kyosera, Kyoto, Japan), using the lateral condensation method. One week later, a crestal incision was made from the first to the fourth premolar. Buccal and lingual full thickness flaps were elevated. The double-rooted 4P4 were separated to allow each root to be tested as an individual unit. 1P1 and the distal and mesial segments of 4P4 were luxated with an elevator and extracted with forceps using rotary movements. The roots were then air-dried on a glass surface for 60 min at room temperature in order to inflict damages to PDL cells.
Materials and methods
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The recipient sites were prepared using implant drills with copious saline irrigation.
The size and shape of the recipient sites were made as uniform as possible. The sites
were prepared approximately 2 mm wider than the size of the tooth to be transplanted, according to the method described by Katayama et al. 29 After preparation was complete, was used.
13
The analysis of periodontal morphology was a modification of the method described previously. 16, 29 Briefly, the resorption patterns were classified as 1. surface resorption;
small superficial resorption cavities within cementum, 2. dentin resorption; the condition where bowl-shaped areas of resorption, involving both cementum and dentin;
3. replacement resorption; condition where direct contact between the alveolar bone and the mineralized root substance (ankylosis) was the characteristic feature.
Three sections (the central part of the tooth and 200-µm sections on either side of that area) from each transplanted tooth were used for morphometric evaluation. The extent of each resorption pattern on the root periphery was expressed as a percentage of the total length of the peripheral contour of the root surface; that is, the distance between the distal and mesial portions of the cemento-enamel junction. For statistical analysis, Student's t test was used to compare differences between experimental and control groups. P-values less than 0.05 were considered statistically significant.
Results
Clinically, the healing response was uneventful in all dogs tested, throughout the observation periods.
Histopathological examination: Week 2
Experimental group:
Newly formed connective tissue covered the roots of tooth transplants (Fig. 2a) .
The spaces in the bone and root surface were filled with newly formed connective tissue composed of spindle-shaped cells, which are associated with growing capillaries (Fig. 2b) . A number of PCNA-positive cells were observed in the newly formed connective tissue (Fig. 2c) . The number of PCNA-positive cells in the experimental group was statistically significantly greater than that in the control group (p < .001) ( Table I) .
Control group:
The root exhibited surface and/ or dentin resorption (Fig. 2d, e) . Multinucleated cells were often observed on the root surface. Few PCNA-positive cells were observed in the connective tissue (Fig. 2f) . 15 
Histomorphometric assessment: Week 2
The results of histomorphometric assessment performed at 2 weeks after autotransplantation are presented in Table II . Root resorptions extending to cementum and/or dentin were already observed in both groups. The occurrence of dentin resorption in the experimental group was significantly lower than that in the control group (P < .01). Replacement resorption was not observed in the experimental or control group at this early stage.
Histopathological examination: Week 4 and 8 Experimental group:
At week 4, bone formation had advanced along the root surface (Fig. 3a) , and as a result, PDL-like tissue was observed between the root surfaces and the new bone.
Osteoblast-like and cementoblast-like cells were visible in newly formed bone and cementum, respectively. It is significant that connective tissue fibers of the newly formed PDL inserted directly into the newly formed bone.
At week 8, the newly formed alveolar bone had advanced to surround the entire root of the transplanted teeth, and PDL-like tissue was evident between the root surface and the new bone (Fig. 3b) . Cementoblast-like cells were aligned along the surface of the cementum. In some areas, new cementum had formed on the original cementum. Fibers had inserted into newly formed cementum and adjacent bone. Only a few cavities indicating dentin resorption were discernible in the middle and apical portions of the root. Prevalence of replacement resorption with ankylosis was low.
Control group:
At week 4, areas of root resorption were observed (Fig. 3c) . The root surface was either covered with connective tissue in which collagen fibers ran parallel to the surface or was the seat of active dentine resorption as evidenced by the presence of multinucleated cells. Periodontal ligament close to the alveolar bone was partially occupied by newly formed bone tissue that was in close proximity to or in direct contact to the dentin surface.
At week 8, the surface of the transplanted root showed signs of replacement resorption (Fig. 3d) . Replacement resorption was observed in the lateral portion of all the roots. Here, resorption was the predominant feature in the middle and apical portions of the root. In areas with ankylosis, the resorbed dentin surface was in direct contact with alveolar bone.
Histomorphometric assessment: Week 4 and 8
At both observation periods, the occurrence of replacement resorption in the experimental group was significantly lower than that in the control group (P < .01) (Table II) . No statistically significant difference was found in dentin or surface resorption between the experimental and control groups.
Discussion
In the present study, the root surface treated with FGF-2 achieved a favorable healing after delayed autotransplantation, whereas the control, non-treated group exhibited high occurrence of dentin and / or replacement resorption. Uniformity of the histologic results observed within each group demonstrates that the study design was sound and is adequate for this type of study. After 4 to 8 weeks, the occurrence of replacement resorption in the control group was statistically significantly higher than that in the experimental group. This may be related to the reduction in cellular viability or activity on the root surface of the transplanted tooth.
The healing process of autotransplantation puts two different tissues in competition:
the PDL on the root surface and the bone tissue of the alveolus. 31 In the present study, the roots were left air-dried for 60 min. prior to transplantation, for the purpose of damaging the PDL cells. Desiccation for 60 min. or more can cause necrosis of PDL cells 32 and expansion of the injury site in periodontal tissue on the root surface. 33 We speculate that some PDL cells remain vital after 60 min of extra alveolar period, mainly based on the histopathological findings and data presented by Andreasen 11 . In a 19 preliminary experiment, we performed toluidine blue staining of the root immediately after extraction, and observed that most of the PDL tissue appeared to be present on the root surface. In addition to the reduction of cellular viability by desiccation, it is possible that damages to PDL and/or cementum by physical stress of extraction are responsible for the occurrence of surface or dentin resorption at 2 weeks after transplantation. In competitive wound healing of the damaged or denuded root surface, repopulation of endosteal osteoblasts would tend to be favored over the limited viable PDL fibroblasts. 22, 34 This may explain high occurrence of replacement resorption observed in the control group after 4 weeks.
FGF-2 is known to be deeply involved in cell proliferation and differentiation and also in control of extracellular matrix generation during the processes of tissue generation and wound healing. 25, 35-39 FGF-2 has been shown to act on a variety of mesenchymal cell types 40 .With regard to delayed-replantation of tooth, topical application of FGF-2 was shown to be effective in prevention of replacement resorption in animal studies.
22, 27
The ability of FGF-2 to stimulate variety of undifferentiated cell types in periodontal tissue 21 lead us to test its potential in enhancing healing of 20 damages induced during the process of autotransplantation. In the present study, significantly greater numbers of PCNA positive cells were found in the newly formed connective tissue in the FGF-2 treated group than in the control group. PCNA is a 36-kD polypeptide expressed in the late G1 to S phases of the cell cycle and is a specific marker for cell proliferation. 41 The PCNA positive cells have been shown to be associated with blood vessels within PDL tissue, and the blastic-cells in the PDL may be supplied from cells related to these blood vessels. 42 Collectively, it was suggested that cells derived from alveolar side and/or residual PDL of the transplanted tooth with FGF-2 proliferated in blood clots, reached the surface of the root, and initiated the formation of an intact PDL. Murakami et al. 40 , using a canine model, reported that FGF-2 expression could be detected in immature granulation tissue 1 week after the operation, and tended to decrease 2 weeks after the operation. The aggregates formed by FGF-2 are considered to constitute a favorable environment for proliferation of the cells.
Endogenous FGF-2 has been shown to be induced in the early phase of wound healing in periodontal tissue. 40 . In the present study, application of FGF-2 did not completely prevent occurrence of replacement resorption. Since FGFs are structurally and functionally prone to denaturation under low pH at injury sites 46 , the myriad biological effects associated with the exogenous FGF-2 applied in our study might not be sustainable. However, it was shown that in bone, FGF-2 produced by osteoblastic cells is deposited in bone matrix, and FGF-2 may be released from the bone matrix and affects bone remodeling. 43 The sustainability of its biological effects may critically influence the manner in which FGF-2 modulates hard tissue remodeling.
The differences in histomorphometric outcomes between the experimental and control teeth clearly favor FGF-2 treatment in autotransplantation and could be considered clinically relevant. Clinical safety of FGF-2 has been shown when applied in 23 conjunction with periodontal surgery: the immunogenic potential of FGF-2 was found to be extremely low. 47 The results from the present study suggest that tissue engineering to functionally restore the damaged periodontal tissue could ultimately inhibit replacement resorption. re
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